If some alveoli of the human lungs are not adequately ventilated, the 02 tension of the blood leaving these elements will be low (1, 2), and these spaces will contribute to the creation of an alveolar-arterial 02 difference (3). As a consequence, a certain degree of arterial blood unsaturation must be found in every disease where the ventilation of some part of the lungs is low (regardless of the adequacy of the total ventilation) unless a comparable local reduction in blood flow takes place, a decrease that could be triggered by the hypoxia of the pulmonary venous blood. The teleological appeal of such a decrease of blood flow has prompted several studies on the effects of low alveolar 02 tension on blood flow. The essence of the pertinent work on this question has recently been analyzed in an excellent review (4) in which Fishman concludes that "the bulk of the evidence favors the view that during unilateral hypoxia the resistance to perfusion increases in the hypoxic side."
If some alveoli of the human lungs are not adequately ventilated, the 02 tension of the blood leaving these elements will be low (1, 2) , and these spaces will contribute to the creation of an alveolar-arterial 02 difference (3) . As a consequence, a certain degree of arterial blood unsaturation must be found in every disease where the ventilation of some part of the lungs is low (regardless of the adequacy of the total ventilation) unless a comparable local reduction in blood flow takes place, a decrease that could be triggered by the hypoxia of the pulmonary venous blood. The teleological appeal of such a decrease of blood flow has prompted several studies on the effects of low alveolar 02 tension on blood flow. The essence of the pertinent work on this question has recently been analyzed in an excellent review (4) in which Fishman concludes that "the bulk of the evidence favors the view that during unilateral hypoxia the resistance to perfusion increases in the hypoxic side. " Beale, Fowler, and Comroe (5) have demonstrated that an underventilated (slow) compartment (in terms of the ratio of ventilation to volume) of significant magnitude is present in the lungs of the asthmatic patient, even in the symptom-free period. More recently, the use of gas chromatography has allowed the study of the relative perfusion and ventilation-perfusion ratio of the slow compartment by following the decrease in inert gas content of the arterial blood * Submitted for publication February 28, 1963; accepted July 22, 1964 when this inert gas is washed out of the alveoli (6) .
The first purpose of this study was to determine whether in asthmatic children there was a redistribution of the pulmonary circulation, shifting the blood away from the "slow" compartment, thereby restoring uniformity of the ventilation-perfusion ratio. In addition, patients who had been free of symptoms for some time were studied to assess to what extent these circulatory changes, if they had taken place, progressed or regressed during the attack-free interval.
Methods
Subjects. Subjects for study were four well children, ages 7 to 11, without past history of asthma, and nine children, ages 8 to 13, with a clinical diagnosis or past history of bronchial asthma of varying degrees of severity. The "well children" were the senior author's own healthy children, who cheerfully volunteeered for the experiment, and one 11-year-old boy who was hospitalized for psychological evaluation but was physically well. The asthmatic children were referred by the attending physician at the allergy clinic, where the children, all except one being outpatients at the time they were tested, had been followed for 1 to 4 years. All were examined at the time of the study, and the clinical history was evaluated. Details are given in the appendix, and pertinent data appear in Table I . Clinical severity of asthma in these children was graded as follows: one (+) had only a history of mild seasonal asthma; three (+ +) had a history of seasonal asthma of moderate severity, but not regularly requiring medication to prevent symptoms, and without wheezing or other signs of bronchiolar obstruction at the time of the study; four (+ + +) had daily or nearly daily symptoms requiring medication and physical signs of bronchiolar obstruction; one (+ + + +), in spite of continual cortisone orally and frequent Isuprel epinephrine inhalation, had episodes of severe bronchial asthma more than once daily. All children cooperated well. They were instructed to continue medication as prescribed; no sedatives were given.
Procedure. The procedure used is based on the technique of Klocke and Farhi (6) , the main difference being that we studied nitrogen instead of helium. These authors' reason for studying He rather than N2 was to avoid the danger of contamination with atmospheric N2. In the case of abnormal children, where the alveolar and arterial N2 are maintained at a high level throughout the washout, the error introduced by such a contamination is much less significant. In addition, a simple washout with 100% 02 did not require the helium prebreathing, and furthermore, it allowed continuous monitoring during the washout. This was accomplished with an N2 meter,l the output of which was fed into a Sanborn recording system. The end-expiratory plateau was assumed to represent mixed alveolar gas. Arterial blood was withdrawn through an indwelling needle placed in a peripheral artery before the study.
The supine subjects were fitted with a mouthpiece, unidirectional valve, and nose clip. The sampling needle of the Nitralyzer was inserted into the airstream through the mouthpiece just outside the lips. A spigot on the inspiratory side allowed switching from room air to 100% 02 and vice versa. A "dry run" was first made in each case to familiarize the subject with the procedure and check for possible leaks. Arterial samples were withdrawn after the alverolar N2 curve had shown a definite tendency to plateau and analyzed for dissolved nitrogen by the method of Farhi, Edwards, and Homma (7). The children cooperated well and breathed quietly and regularly during the test with the exception of the sickest patient (Case 9) in whom the tidal volume varied noticeably during the blood sam-I Nitralyzer, model 300A 
Results
The N2 content of each arterial sample was converted to a fraction of the control value, Ca/Cao; the alveolar N2 was similarly expressed as the fraction of the initial N2, FA/FAo, and those two values were plotted on a logarithmic scale against time (Figure 1 ).
In the four normal subjects, the alveolar N2 decreased rapidly as expected, and a plateau was achieved after 3 to 4 minutes. The In all patients the gas points obtained after 3 minutes fell on a straight line, indicating that a uniformly ventilated part of the lungs was being washed out. The intercept of this line with the ordinate axis defines Vs/VA, the fraction of ventilation of the slow compartment to the total alveolar ventilation. In some of these plots, the blood N2 points fell on a line parallel to that for the alveolar gas, allowing calculation of a single value for Qs/Qt, the relative perfusion of the slow compartment, and of a single Vs/Qs regardless of time, as was found in normal adults (6) . In four patients, however, this was not the case, and the blood washout curve tended to flatten with time, diverging from the alveolar gas washout line. This indicates that some of the perfusion of the lungs was directed to elements that did not contribute enough to the mixed expired alveolar gas to produce a similar distortion in the alveolar N2 tracing. The ventilation of this additional compartment can be calculated to be essentially zero, which would result in a constant contribution to the arterial N2. By trial and error, it is possible to determine in each case the value that must be subtracted from every Ca/Cao value in order to yield a "corrected" blood washout line parallel to the alveolar gas washout line ( Figure 2 ). The vertical intercept of this new line indicates Qs/Qt, whereas the subtracted value defines Qu/Qt, the fraction of the perfusion to the unventilated areas. The results obtained in all subjects appear in Table II .
Like any other description of the lung as an organ that can be divided into a number of homogeneous compartments, the above division is an oversimplification of a system in which there is probably in fact a gradation from normal alveoli to completely unperfused elements (8) . Therefore, the results given in this paper (as well as in all the others where the lungs are divided into compartments) really describe an "equivalent"
lung, the behavior of which is identical to the one studied, the latter being too complicated to be visualized easily.
The fraction of the expired alveolar gas originating in the slow compartment was small in normal children (1%7 of the total on the average) and somewhat increased in the asthmatic children. There was no striking correlation with the severity of the disease, and with the exception of Patient 9, who was studied during the attack, this fraction varied between 0.9 and 3.7%7 of the total.
The relative perfusion of the slow compartment in the sick children is higher than that estimated to exist in normals. In 
In patients 5 to 9, who had evidence of airway obstruction at the time they were tested, the relative perfusion of the "slow compartment" (plus that of the unventilated compartment, when the latter could be demonstrated) was much higher than its relative ventilation. This indicates clearly that if any readjustment of the pulmonary circulation is taking place and producing a The isopleths give the mixed blood saturashift away from the underventilated areas, it is incomplete, since the total flow to these two compartments is still 3 to 7 times the "ideal" perfusion that would match perfectly the ventilation.
The same is true in Patients 1 to 4, who had been symptom-free for 2 to 9 months. In these a considerable relative overperfusion of the slow compartment persisted, indicating that there had been no permanent adjustment of blood flow to ventilation in underventilated areas. From clinical experience and the natural history of bronchial asthma, it is conceivable that the slowly ventilated or unventilated areas do not remain the same over long periods of time but probably vary in extent and location in the course of days or hours. Reduction of perfusion in proportion to the reduction in ventilation might not occur in such an unstable system.
Study of the unevenness of distribution by the alveolar gas washout method alone will invariably underestimate the severity of the disease. This is especially true in cases where perfused unventilated elements exist, since such a compartment can be detected only by its contribution to the arterial blood. Although arterial puncture is involved, the procedure is not formidable and seems justified in view of the additional information gained.
The determination of VS/VA and Qs/Qt requires monitoring of the alveolar gas and serial arterial sampling, but it is possible to derive from the above data a simpler screening procedure. In Figure 4 all the analytical points for blood have been plotted, and they show that 4 minutes after washout was started, the blood of normal subjects contained 1.5 to 2.5% of the control amount of N2, whereas in patients this varied from 3 to 30%7. We would suggest that any figure above 5%o can be considered as definitely abnormal, and values between 3 to 5%o, on a single 4-minute check, can be regarded as warranting further investigation.
Summary
The distribution of the pulmonary circulation was studied in four normal children and in nine children suffering from asthma. The however, 2 minutes after isoproterenol inhalation the chest was completely clear to percussion and auscultation. On June 26, 1962, vital capacity was 2.20 L BTPS, and the maximal breathing capacity was 42.4 L per minute BTPS (both within normal limits). Pneumotachogram showed a normal pattern with quiet breathing. X ray of the chest showed normal lungs on June 25, 1962. On the day of the test, the patient had isoproterenol before coming to the laboratory. He had short, labored breaths and many musical rales that cleared up after isoproterenol. After the arterial puncture and before administration of oxygen, he became apprehensive and cyanotic. Cyanosis was relieved slowly during the inhalation of oxygen for the nitrogen washout, but the patient coughed frequently and was dyspneic. However, he cooperated well. Four to five minutes after the oxygen was removed, another sample of arterial blood had a pH of 7.28, Pco2 was 41 mm Hg, buffer base, 42 mEq per L, and Po2, 84 mm Hg.
